would pursue as a career. He applied to Cambridge to study forestry and to Sheffield to take a Bachelor of Metallurgy (B. Met.). He was quickly offered a place at Sheffield, but there was no news from Cambridge so he opted for metallurgy. Apparently the forestry staff had been on a field trip to France at the critical time, which turned out to be a very happy result for the study of metallurgy in the U.K.
So he moved to Sheffield, where in two years he obtained a B.Met. with first class hon ours at the age of 21, an excellent start to his scientific career. In 1939, at the start of World W ar II, he was about to commence work for a Ph.D. at Queen Mary College. However, the whole College was evacuated to Cambridge where undergraduates, postgraduates and staff were crowded into the Cambridge academic population. As he was keen to do some crystal lography he moved to the Cavendish Laboratory, as a research student in the Crystallographic Laboratory. Cambridge 1939-42 At the outbreak of the war, Norman found himself in a cosmopolitan group of people within the Cavendish Laboratory, then headed by Professor Sir Lawrence Bragg, F.R.S., and more specifically in the Crystallography Group under the supervision of H.S. Lipson, F.R.S. who had recently arrived from Manchester. This move had been triggered by a chance meeting in Fitzbillies tea room during a short visit to Cambridge. Sir Lawrence Bragg and several colleagues invited him to join their table, and during this tea-break Bragg offered Norman the opportunity to work with Lipson.
The Cavendish had not only offered accommodation to scientists from London, but also warmly received a number of refugee scientists from Europe, who included Egon Orowan, Max Perutz and Adrienne Weill. With his warm, but unassuming and gentle personality, Norman fitted very well into this varied group of talented people, and he enjoyed the statusfree communal life of the laboratory. He demonstrated to undergraduate classes in physics practicals, and soon met there Marion Blight, a new undergraduate at Girton who was taking the Natural Sciences Tripos. He lost no time in asking her out to dinner, but earned some notoriety in Girton by returning Marion there after the official closing time. He rang the bell to summons the portress, only to find that he had activated the air raid alarm! Norman's friends at this time included both undergraduate and older postgraduate col leagues, as well as the approachable more senior members of staff. Sir Lawrence Bragg presided over a democratic, friendly laboratory which at the same time produced science of the highest quality. Away from the laboratory, in wartime, simple pleasures still remained: cycling along country lanes, teas, punting on the Cam, attending the Arts Theatre, not forgetting Sunday sessions of bridge with Geoff Warner and Tony Hart, friends from his time at Queen Mary College. Then there was the regular ritual on the first Wednesday of every month -tea in the Balance Room of the Chemistry Department with Lapsang Souchong and cream buns! Norman's first research work involved X-ray crystallography and he was supervised by one of the outstanding experts, Henry Lipson, F.R.S. It is interesting to note that for someone who spent much of his professional life on the study of the mechanical properties of steels, he started his research career with the task of determining the crystal structure of cementite (iron carbide Fe3C) which is one of the most significant phases to be found in steels. Cementite occurs in a variety of morphologies and plays a crucial role in the strengthening of many steels.
The Crystal Structures o f Cementite, Austenite, and Martensite
Earlier workers had determ ined the orthorhom bic unit cell o f cementite, found the space group and the positions o f the iron atoms. N orm an used three-dim ensional Fourier analysis which gave the electron density at all points in the unit cell directly from X-ray intensity m easurem ents, which allow ed the positions o f both iron and carbon atoms to be determined. The w ork had to be very accurate in order to locate the light carbon atoms in a lattice of much heavier iron atom s, consequently it was necessary to construct a very large powder cam era 35 cm in diam eter. Precise values were obtained for the a, b and c dimensions Of the orthorhombic unit cell and this w ork was presented in his first paper published in 1940 in the Journal o f the Iron and Steel Institute.
In the follow ing year he published a related paper on austenite, in which he described his structural study o f a high m anganese steel in which the austenitic structure could be retained at room tem perature. By using the same general approach, involving analysis of the intensi ties of the lines on X -ray pow der photographs, he deduced that carbon atoms lay at the cen tres of the unit cells and at the m id-points of the edges in the face-centred cubic austenite structure. Thus the carbon atoms in austenite were at the centres of the octahedral interstices in the face-centred cubic structure.
In 1942 Norm an published the third o f his very significant crystallographic papers on the important phases in steels, on the positions o f carbon atoms in martensite, a body-centred tetragonal phase usually produced by quenching from the high tem perature austenitic state. It was generally thought that the carbon atoms were interstitial, and Norm an concluded that they occupied m id-points of the longer edges o f the tetragonal structure, and the centres of the faces perpendicular to them. Norm an com pleted his studies on the structure o f cem entite and other phases in steels in 1942, a year in which he m arried his friend from Girton, M arion Blight, who had completed her undergraduate studies. The newly m arried couple m oved to Fam borough where both took up posts in the M etallurgy Division o f the Royal Aircraft Establishm ent (RAE), Norman to head a newly created Crystallography Section, while M arion was appointed a Junior Scientific O fficer in the Corrosion Section. The work at Fam borough was primarily concerned with the perform ance of aircraft in the war effort, with particular emphasis on the causes o f failures, and the elim ination o f the faults responsible for them. Life there was quite strenuous at this tim e and the m em bers o f staff were under considerable pressure working six days a week, previously seven! Norm an made his reputation early at RAE where there had been an outbreak o f bicycle stealing. The Establishm ent Police suspected that some o f these bicycles were in use, but they could not prove it because the frame numbers had been obliterated by filing. Norman called on to advise on the matter, produced an appropriate etchant which when applied to the frames caused the numbers to re-appear as if by magic. His status at RAE was assured! Another unrelated practical success resulted from complaints from high-flying air crews who experienced discom fort from teeth with amalgam fillings. In association with a dentist, Norman developed a special filling which met their needs.
Bicycles were the normal form of transport and many staff had rides of six or more miles to work. However, it was a gathering of young and talented people, most of whom later filled senior posts in the U.K. and abroad. Their recruitment to wartime duties at RAE was largely due to the efforts of Herbert Sutton, a senior civil servant. Bruce Chalmers, later to be Professor at Harvard, followed him. Other metallurgists who became well known included Ronald King, Geoffrey Greenough, Eric Perryman, Jean Murray, Alan McQuillan, and Pat Roberts. At the end of the war, Norman, in the guise of a temporary RAF officer led one of the teams into Germany to investigate German technological achievements during the years of combat.
It is difficult to discuss Norman's scientific work in Famborough in any detail because it related to air force requirements and the exigencies of war. However he did manage to round off his earlier work on the positions of carbon atoms in austenite and martensite (Journal o f the Iron and Steel Institute, 1942, and 1943) , and in 1944 published in the same journal a classic paper 'The interpretation of the crystal structure of cementite'.
Norman's responsibilities as Head of the X-ray diffraction and Electron Microscope Section (M7) within the Metallurgy Division of RAE covered not only crystallographic investigations, but also radiography and electron metallography, then in its infancy. The pri mary concern of the section was with the investigation of failures of aircraft components, and related equipment. For example, a study was made of the causes of failure of arrestor hooks on aircraft carriers.
During the last two years at Famborough Norman and Marion decided to end their war time marriage and in due course went their separate ways; Marion to Australia and Norman back to Cambridge to the Cavendish Laboratory.
T h e C a v e n d ish L a b o r a t o r y , During the war and shortly afterwards Egon Orowan, a distinguished refugee scientist from Hungary, had been offered space by Sir Lawrence Bragg in the Austin Wing of the Cavendish Laboratory to carry out research work on metal physics. He was already wellknown as one of the co-discoverers of the concept of dislocations in crystals along with M. Polanyi and G.I. Taylor, and had become an authority on deformation processes in metals and other materials. In the immediate post-war period Orowan built up a substantial research group which was not only inter-disciplinary but international, with scientists and engineers from the U.K., Poland, South Africa, Australia, and New Zealand.
I joined the group from Australia in January 1948, to be shown around the various activi ties by Norman Petch, who by this time was a seasoned member, well able to cope with the egocentricities of Orowan. I have very happy memories of Norman from that time, his warm welcome and the resulting long friendship.
Norman was now divorced and led a single life in a caravan in a field at Dry Drayton, five miles west of Cambridge, from which he cycled each day. He had received medical advice, after showing some evidence of tuberculosis, to live out-of-doors in fresh air as much as pos sible, and the caravan in the uplands of Cambridgeshire provided the recommended environ ment. He had apparently acquired the caravan at an auction of surplus war equipment, and got it to Dry Drayton by unorthodox routes and methods. There he was very hospitable and received members of the group for tea, in pleasant rural surroundings.
Norman was carrying out measurements of the yield and fracture stresses of steels at low temperatures, usually 77 K, and was trying to relate these to structural characteristics of the materials. This work was supported by the British Iron and Steel Research Association (BISRA). In 1948 Eric Hall, a young New Zealand physicist joined the group, and was asked by Orowan to examine the yielding of mild steels, in particular the yield point and the devel opment of Liiders bands in collaboration with Witold Sylwestrowicz, a Polish engineer who had initiated the work with support from BISRA. Researches of Norman Petch and Eric Hall continued in parallel, and undoubtedly group discussions led to cross-fertilization, finally achieving results which were to have a profound influence on the development of strong steels with marked resistance to fracture
T h e e f f e c t o f g r a i n s i z e o n y i e l d a n d f r a c t u r e o f s t e e l s When Norman, in 1948, accepted a post with BISRA in Sheffield, he had already estab lished an important relationship between the yield stress of carbon steel and the grain size, but had not yet published his results. Eric Hall stayed on until 1951 when he left to take up a lectureship in Physics at Sheffield University. He first published his results in 1951, whereas Norman delayed his first paper on this subject until 1953, but there is little doubt that they both determined the underlying relationship between yield stress and grain size in the period 1947-1950 while in the Cavendish Laboratory. So it seems quite just that the fundamental relationship is now known as the Hall-Petch equation.
In the period 1946-48 Norman investigated the deformation and fracture of mild steel at 77 K, at which temperature sharp upper and lower yield points occur followed by limited plastic defor mation, then failure by brittle transgranular fracture. At the lower yield stress, plastic deforma tion propagates through the test piece on sharply defined fronts or bands, the Liiders bands.
He found that the lower yield stress < 5L was dependent on the grain diameter d thus:
where G() and ky were experimental constants a result also obtained by Hall who carried out tensile tests largely at room temperature. G0 was identified as the friction stress needed to move individual dislocations in pile-ups within the grains, while k measured the localized stress needed to propagate the deformation across grain boundaries. As Norman's tensile tests were carried out at 77 K, failure of the deformed specimens occurred not by necking and ductile fracture, but by transgranular brittle fracture (cleavage). This enabled him to determine the cleavage strength in addition to the yield strength, which he found was dependent on grain size in a similar way to the yield stress. The quantification of this phenomenon, previously only appreciated qualitatively in so far as coarse-grained steels exhibited brittle fracture at lower stresses than fine-grained steels, led to a much more systematic approach to the general problem of brittle fracture. Moreover, it was an elegant and extremely important example of the role of dislocations in determining the mechanical properties of crystalline materials.
L e e d s U n i v e r s i t y 1949-59
Norman was employed by BISRA for much of his stay in the Cavendish Laboratory. In 1948 BISRA asked him to carry out a critical survey of the Sheffield cutlery industry and it was planned to appoint him as Head of Physical Metallurgy in a new BISRA laboratory to be built in Sheffield. However, before he could take up this position, he was appointed Reader in Metallurgy at Leeds University. This was the beginning of his migration northwards towards Scotland which was always his far horizon. He held the Readership for seven years, then was promoted to be the first Professor of Metallurgy in Leeds in 1956, where he established a full Department of Metallurgy, as part of the Houldsworth School of Applied Science.
Initially, life in Leeds was very pleasant, for in 1949 he married Eileen Allen and in the early fifties their two daughters Alison and Judy were born. They lived in Otley, the gateway to the Dales, and Norman was happy to be half-way to Scotland, making it easier to spend vacations there in places such as Galloway and Barra. Alison recollects an early holiday at Rockcliffe where they alternated days in the countryside for her father and days by the sea for her, and mentions particularly his love of the Scottish countryside in which he frequently travelled by bike and train. Judy also remembers her father as 'the epitome of the absentminded professor, at least in domestic life'.
In 1955 his very happy family life was suddenly disrupted, when Eileen contracted poliomyelitis, which tragically confined her to a wheel-chair until her death in 1975. About this sad period, Alison has written: 'looking back now brings astonishment that my father was able to achieve so much, while simultaneously fulfilling with minimal assistance, a full time caring role after my mother contracted polio. Yet as children we were hardly aware that the situation was other than normal'.
Research at Leeds University 1949-1959
As already explained, Norman's early work at Leeds was to publish the results of his Cambridge research rather belatedly in the Journal o f the Iron and Steel Institute in May 1953. This paper shows that he had determined at 85 K, both the lower yield stress o LYP and the fracture (cleavage) stress o c as a function of grain size for pure iron, ingot iron and mild steel. When the yield and fracture stresses were plotted against where d was the grain diameter, for a wide range of grain sizes a linear relation was obtained. Two years pre viously Hall had published the dependence of yield strength on grain size at room tempera ture and obtained a linear relationship between the lower yield stress and drv where d was the grain diameter, for a wide range of grain sizes. However, as no measurements were made at very low temperatures, the brittle fracture stress dependence on grain size was not reported until the publication by Petch in 1953, of his work in Cambridge. A year later, he published a review on the 'Fracture of Metals' in Progress in Metal Physics 5 in which he extended the Griffith theory of crack formation in glasses to explain his low temperature results on the brittle fracture of iron. Using the model of slip dislocations piled up against an obstacle as proposed by Eshelby Frank and Nabarro, which leads to high stresses at the head of the array, Norman came to the view that these arrays triggered small cracks. The arrays would increase in size as the grain size increased, thus leading to the lower fracture stresses he had observed in his experiments.
Much of Norman's early research activity at Leeds concentrated on the experimental con stants in the Hall-Petch equation, g0 and ky. o () was ident move dislocations in slip band pile-ups, while was assumed to measure the locally intensi fied stress needed to propagate yielding across grain boundaries. Turning to cleavage fracture dominant in tests at low temperatures, an even larger stress intensity factor would be expected.
Cracknell and Petch investigated the role of carbon and nitrogen in solution on o (l and k , and arrived at an expression for the resistance to dislocation movement due to interaction with randomly distributed solute atoms. Heslop and Petch examined the role of manganese and came to the conclusion that the improvement in ductility associated with this alloying addition was due to both weakened dislocation locking and grain refinement.
His work broadened into a study of the ductile-brittle transition and the development of equations defining the significant criteria determining the transition temperature from ductile to cleavage behaviour of iron. In this work Norman made a major contribution to the under standing of the ductile-brittle transition in iron, which had very important practical implic ations. He realized that the coalescence of slip dislocations into a micro-crack was not the critical stage in the fracture process. If this were the case, then the onset of brittle fracture would be insensitive to hydrostatic stress, grain size and friction stress, which was clearly not true. Norman came to the conclusion that the critical stage was reached at higher stresses when the cracks had grown to a size allowing sudden propagation. This view was also reached by Alan Cottrell independently at Harwell, and both Cottrell and Petch announced this important result at a UKAEA Conference on Brittleness in Metals in 1957.
In 1958 Norman published two important papers (one with Heslop) on the ductile-brittle transition in the fracture of a-iron. He concluded in the first of these papers that fracture of airon arises from the micro-cracks formed by the coalescence of dislocations, and that transition to cleavage failure takes place when the tensile stress at fracture is capable of propa gating such a crack as a Griffith crack. He deduced that the temperature dependence of the transition to brittle behaviour arose from that of the stress required to move free dislocations. The transition temperature was found to be a function of grain size, the friction on a free dislo cation, the strength of dislocation locking, and the extent of triaxiality of the applied stress. The paper with Heslop provided experimental results on the variation of grain size, dislocation locking and other variables, which agreed well with the theoretical predictions.
In work with Codd in the late fifties the locking of dislocations in a-iron by carbon, nitrogen and boron was studied, with the interesting result that nitrogen locking was found to be greater than that of carbon, but boron had the strongest effect. Significantly, the greater the dislocation locking, the higher was the ductile-brittle transition temperature.
About this time (1958) Norman invited Dr Ronald Armstrong from Carnegie Institute of Technology to undertake post-doctoral studies. This led to a long collaboration which lasted until Norman's death. One of the first fruits was a paper on the plastic deformation of poly crystalline aggregates by Armstrong, Codd, Douthwaite and Petch in the Philosophical Magazine in 1962, in which for a number of metals and alloys the room temperature flow stress at constant strain was plotted against grain size (drv). The same relationship was obtained as that for the lower yield stress in iron, the grain size term arising from the resis tance at a grain boundary to the formation of a slip band. The sensitivity to grain size in a particular alloy was related to the number of slip systems available, the shear modulus and the existence of dislocation locking.
Applications o f the Hall-Petch Equation
Norman's research at Cambridge was supported by BISRA, and he would have continued to work for that organization in Sheffield, had it not been for his appointment to a Readership in the University of Leeds. However, as things turned out, his Cambridge work on the effect of grain size on the yield and fracture strength of steels became important in the fifties for BISRA. Dr Eric Duckworth in a recent letter said The Hall-Petch relationship was the lynch pin of the BISRA work on low carbon structural steels' and he pointed out that 'the steel industry had been grappling with the problem of combining strength and toughness at a reasonable cost'. The Hall-Petch work showed clearly that by reducing the grain size both strength and tough ness were raised simultaneously, but the introduction of these ideas to industrial practice was not straightforward. However, grain size control is now readily achieved by controlled rolling of micro-alloyed steels and is standard practice in modem plants.
Sir Alan Cottrell also found the Hall-Petch work useful in the 1950s when at Harwell where the problem of irradiation embrittlement of steel was being tackled. The Harwell workers irradiated specimens of different grain sizes, and by using the Hall-Petch equation to interpret the mechanical properties, were able to show that the damage from radiation raised the friction stress in the steel, by formation of dispersed clusters of point defects.
U n iv e r s it y o f D u r h a m , K in g s C o l l e g e , N e w c a s t l e -u p o n -T y n e 1959-73
Norman's move to Newcastle-upon-Tyne in 1959 was partly due to his wish to be closer to Scotland. In this connection it should be mentioned that in 1958 he had made an application for the Chair of Metallurgy at Strathclyde University following the retirement of Professor R. Hay; however, the electors preferred a candidate who they thought was more industrially oriented. Bearing in mind his love of Scotland, one cannot help feeling that to hold the Scottish chair was Norman's particular ambition, and one that he finally achieved in 1973.
The move to Newcastle must have been difficult bearing in mind Eileen's disability. The first three years were spent in a University flat, and eventually the family moved to a new home at Ponteland built specially to make living as comfortable as possible for Eileen, who could manoeuvre her wheelchair throughout, and perform the majority of tasks. Nevertheless, Norman carried a heavy responsibility in his private life tending to the needs of his wife and two growing daughters, and at the same time providing leadership in his department.
After settling in he made a successful application to the Department of Scientific and Industrial Research (DSIR) in 1963 for a very substantial research grant to work on the brittle fracture of metals, which covered a period of five years and enabled him to maintain a significant presence in the field. His colleague from Leeds, Dr Michael Douthwaite, moved to Newcastle to take up a major role in this work. In 1964 he persuaded Dr K.H. Jack to return from industry to the Newcastle department to take up a personal chair with the aim of developing teaching and research in non-metallic materials. This eventually led to an autonomous sub-department and a Wolfson Research Group for High Strength Materials. Professor Jack has written 'during his fourteen years at Newcastle of which I shared nine, Norman had an almost impossibly difficult life. But no one could have guessed it. He was always cheerful, active and receptive.' Norman's son-in-law, David Jarman, recalls the privi lege of being admitted to a warm and well organised household which made light of Eileen's disability. Trips out for lunch and spins down quiet country lanes were a conversational delight. He once joined the annual pilgrimage to Findon which could take three days detouring via congenial country hotels. He further comments that this was not the sole escape of the Petch family, vacations in exotic places being embedded in the family lore.
In 1966 the Goldsmiths' Chair of metallurgy at Cambridge University became vacant when Professor A.H. Cottrell, resigned to become Chief Scientist in the Ministry of Defence.
Norman Petch was elected to the Chair, but after much thought, he decided not to accept the post. His reluctance to leave a carefully organized domestic environment in Newcastle was undoubtedly the principal factor in making this difficult decision.
Norman also served the University on the broader front, holding a Pro-ViceChancellorship between [1968] [1969] [1970] [1971] , which involved him in much extra committee work, but effort which he found very satisfying.
Scientific Work at Newcastle-upon-Tyne
In general terms Norman's researches at Newcastle centred along the lines so firmly pur sued at Leeds. However his publications in the sixties showed an extension of his interests from steels to ceramics, in particular alumina as well as magnesia and glass, and the broad ening of the department in 1964 to include Professor Ken Jack also put more emphasis on non-metallic materials.
The application to DSIR for a large research grant in 1963 reveals the direction in which Norman now wished to go. Having spent a large part of his research career studying the effect of grain size on yield strength and fracture, he proposed to determine new ways of achieving grain refinement. However the case also included work on dislocation locking and on the friction stress on moving dislocations. Perhaps the more original proposals were on the development of laminated or composite plates to achieve greater toughness. He had in mind covering these areas with about eight research staff. The grant application was suc cessful and it financed most of his research work for the period 1964-1969. In 1964 he published a paper on the upper yield stress of poly crystalline iron in which he derived an equation for this stress which took into account that only a limited number of grains were deforming plastically. This analysis led to the conclusion that the yield drop is a strain-rate effect, whereas the existence of inhomogeneous yielding is a result of dislocation locking by interstitial atoms.
His first work on the brittle fracture of alumina, done with Congleton was reported in 1965, in which it was argued that fracture arises from dislocation movement at pre-existing cracks. This study was followed two years later by an examination of crack branching in alumina, when it was concluded that the most realistic criterion for the onset of branching was the achievement of a critical crack-tip intensity factor. To achieve macroscopic branching, the branch cracks must move fast enough to keep ahead of the main crack, thus preventing the main crack from unloading them.
Norman around this time initiated work on the fracture of laminated steel cylinders. He and his co-workers found that when the laminated layers were sufficiently thin, the stress ahead of a longitudinal crack relaxes towards plane stress, inhibiting the development of cleavage fracture. The ductile-brittle transformation of a cylindrical specimen with a wall 1.25 cm thick comprised of six laminated layers was found to be 100°C lower than that of a cylinder with a solid wall of the same thickness.
S t r a t h c l y d e U n i v e r s i t y , 1973-82
Following the sudden death in 1972 of E.C. El wood, Professor of Metallurgy at Strathclyde University, Norman applied for the vacant chair, this time successfully, and in so doing, he realized his outstanding ambition, to hold the chair in his subject in Glasgow, the city of his birth, in a country with which he had such strong personal bonds.
Sadly, in 1975, two years after moving to Strathclyde, Norman's wife Eileen died, after having been confined to a wheelchair for 20 years, during which he had looked after her with devoted care. It is a measure of the man that Norman so admirably coped with this family tragedy, and yet remained an outstanding and original scientist in his field, as well as an inspi ration to students and staff alike. In 1976 Norman married Marjorie Jackson who was his sec retary in Newcastle where she had been of great assistance in the running of the department.
During his ten years in Strathclyde his predominant interest was in his research, though he never supervised more than two research students at one time. An assiduous reader of the rel evant literature, he sought out remote vacant rooms, usually in departments other than his own, where he could work undiscovered and devote adequate attention to his research interest which remained broadly in the field of deformation and fracture of steels, but with some attention to other metals. He was helped in these tasks by a prodigious memory, and in addition, the ability to explain technical matters in simple terms to laymen.
Within his department he introduced substantial changes to the undergraduate courses, and while maintaining the important chemical metallurgy subjects involving thermody namics and kinetics, he extended the physical side with greater emphasis on the influence of microstructure on the mechanical properties of materials of engineering importance. He also supported the formation of an Engineering Applications Centre (EAC) in which all engi neering and some science undergraduates spent up to 14 weeks being instructed by technolo gists from a wide range of industries.
Norman's retirement at the age of 65 in 1982 was marked by a scientific meeting, the pro ceedings of which appeared in a book Yield, Flow and Fracture, published by Applied Science Publishers (edited by Professor T.N. Baker). The contents comprised a series of papers by former students and by colleagues in industry and academic life, which demon strate impressively how Norman's original contributions to the study of yield and fracture behaviour predominantly in steels, but also in other metals, have influenced a very important field of physical metallurgy.
Scientific Work at Strathclyde 1973-82
Norman was never an advocate of large research groups and in his research in Strathclyde was rarely involved with more than two research students where his main effort was in devising the experimental approach and in very careful interpretation of the data. He was extremely thorough in producing papers which normally went through several drafts, and he was particularly careful not to miss any relevant work in the literature. He was not a great lover of meetings unless they involved scientific matters, so he became expert at avoiding them. Despite his rather introverted nature, he delighted in scientific debate, but preferred this on a personal level, rather than in large international meetings which he rarely attended.
Undoubtedly his major research theme remained the study of the various factors important in the yield and fracture behaviour of metals. However, in his published work at least, there was a move to include work on other metals including aluminium and brass. His interest in deformation and cleavage was also maintained by studies on the mechanical properties of polycrystalline beryllium with E.Wright.
With J.I. Al-Haidary and E.R. De los Rios, Norman examined the plastic deformation of polycrystalline aluminium over a range of temperature from 77-673 K, and determined the effect of dislocation density and grain size on the yield strength of pure and commercial alu minium and a 2.25% Mg alloy.
In 1974, Norman was elected a Fellow of the Royal Society in recognition of his out standing contributions in the understanding of yield and fracture of steels, in particular the dominant role of grain size. Similar recognition by the Royal Academy of Engineering fol lowed in 1979 when he was elected F.Eng. R e t i r e m e n t Norman retired from his Professorship at Strathclyde University in 1982 and became able to spend most of his time in Findon Cottage on the Black Isle, his most favoured place. It did mean that he was less frequently seen in southern parts. However, many of his friends man aged to make the long trip to Culbokie, where they were certain to receive a very warm wel come. I happily remember such a visit with my wife; having reached Inverness we contacted Norman on the off chance that he would be at home. The result was a very happy day during which Norman and Marjorie took us on a tour around the Black Isle, and introduced us to their delightful property.
He also maintained contact with other former colleagues. Professor Joseph Gurland of Brown University has written that he had been in correspondence with Norman during his retirement and had in fact received a last letter in September 1992 dealing with the role of sub-grain boundaries, and also with void coalescence during failure by necking. He also recalled Norman's love of the family property at Culbokie, and how he and his grandson had built a wooden footbridge across the bum near the house. On completion of the task they both tested it by walking across safely, whereupon his grandson remarked 'That's pretty good for a young boy and an old man!'
In 1990 Norman was awarded the Gold Medal of the American Society for Metals, a very fitting finale to his impressive career. Unfortunately, because of a recent heart attack, he was unable to go to Chicago to receive the medal in 1990, however, in 1991 he attended an ASM (Europe) awards dinner where the presentation took place. As Gurland records 'Norman made a typically modest, witty and very brief acceptance speech'.
Norman Petch died suddenly in Raigmore Hospital, Inverness on 9 December 1992, aged 75 years.
Research in Retirement
Norman in retirement continued to maintain some activity in his primary area of interest, the strength and ductility of steels. This was the completion of work initiated at Strathclyde and finished in retirement, with support from the Leverhulme Trust through the award of an Emeritus Fellowship. In 1986 he published a paper in Acta Metallurgica dealing with the combined effect of grain boundary carbides and grain size on the cleavage strength of steels. He showed by a dynamic calculation involving the formation of a non-equilibrium crack in a carbide particle, that there should be a grain size dependence of the cleavage strength. Moreover, if the steel contained coarse carbides, the propagation of the micro-crack through the ferrite grain boundaries was shown to be the critical step. Norman concluded that the cleavage strength depends both on ferrite grain size and on carbide thickness, and followed closely an equation he derived in the paper. This view had been reached earlier by B. Minz, W.B. Morrison and R.C. Cochrane as a result of an extensive survey of experimental data obtained in British Steel Laboratories. Norman welcomed the availability of this data, which led to regular discussions with Barrie Minz, who recalls how helpful he found them in devel oping his own research activities.
In another paper published in 1987 Norman examined the role of manganese, nickel and silicon on the brittle transition temperature comparing calculation with experiment. Manganese was shown to act primarily through carbide refinement while nickel was effective through alloy softening. In contrast, silicon affects the transition as a result of alloy hardening.
In 1989 at a conference in Cambridge to celebrate Sir Alan Cottrell's 70th birthday, Norman contributed a very interesting review of yield point phenomena and strain ageing. He reminded the audience that the Hall-Petch equation for the yield stress of steels was directly dependent on the Cottrell's recognition of dislocation locking by solute atoms, in particular by carbon atoms in steels.
Fittingly, Norman's last papers published in 1989 and 1990 were with his long-time col laborator and friend in the University of Maryland, Professor Ronald Armstrong. In the first of these they analysed the contribution of work hardening to fracture toughness of ferritic steels. In the cleavage fracture regime they concluded that the effect of temperature on the stress intensity K can be accounted for by the work hardening needed to maintain a critical stress at particles which cleave, such, as carbides and inclusions. It was shown that data from various sources supported a linear relation of Kc w
The final paper written with Armstrong and published in 1990 was simply entitled 'The Tensile Test'. It was an elegant analysis of how the uniform strain in this test reflects the details of the plastic deformation characteristics in body-centred cubic, face-centred cubic and close packed hexagonal metals. The reduction-in-area during the test was analysed in terms of particle-nucleated voids, which indicated that this is determined by the transverse contraction required to bring the voids to a critical separation at which void linkage and frac ture occur. But Norman's final contribution to the study of the mechanical properties of metals is awaited with interest. In his later years he collaborated with Armstrong in the writing of a book on this subject for the Cambridge University Press. The work had taken about five years and was in final draft at the time of Norman's death. Hopefully it will be published in the near future.
O v e r v ie w Norman Petch will always be associated with the pioneering work on the effect of grain size on the strength of metals. He showed great singleness of purpose in addressing the major problems in this important field for most of his professional life. He was not content just to define a general relationship of great importance, but continued to work until the end of his life on many detailed implications of the deformation and fracture of alloys. His work had very substantial implications for industrial practice, particularly in the steel industry. He will be remembered as a characteristically modest and friendly man, who made his mark by quiet but persistent analysis of crucial metallurgical problems.
